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Abstract: A miniature optical-sectioning fluorescence microscope with high sensitivity and
resolution would enable non-invasive and real-time tissue inspection, with potential use cases
including early disease detection and intraoperative guidance. Previously, we developed a
miniature MEMS-based dual-axis confocal (DAC) microscope that enabled video-rate optically
sectioned in vivo microscopy of human tissues. However, the device’s clinical utility was limited
due to a small field of view, a non-adjustable working distance, and a lack of a sterilization
strategy. In our latest design, we have made improvements to achieve a 2x increase in the field
of view (600× 300 µm) and an adjustable working distance range of 150 µm over a wide range
of excitation/emission wavelengths (488–750 nm), all while maintaining a high frame rate of
15 frames per second (fps). Furthermore, the device is designed to image through a disposable
sterile plastic drape for convenient clinical use. We rigorously characterize the performance of
the device and show example images of ex vivo tissues to demonstrate the optical performance
of our new design, including fixed mouse skin and human prostate, as well as fresh mouse
kidney, mouse intestine, and human head and neck surgical specimens with corresponding H&E
histology. These improvements will facilitate clinical testing and translation.

© 2023 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

Histopathology, the microscopic visualization of tissue architecture and cytological features in
thinly sectioned specimens mounted on glass slides, has been the gold standard for diagnostic
determinations for over a century. However, standard histology is both time-consuming (several
days) and requires invasive biopsy. The invasive nature of standard biopsies is problematic for
many screening applications (e.g., for epithelial cancers of the skin or oral cavity) in which the risk
and cost of a biopsy procedure is often not warranted until the disease has reached an advanced
and less treatable stage [1–3]. Furthermore, since only a few tissue sites are invasively biopsied
from the patient, and an even smaller fraction of each biopsy is visualized by pathologists, lesions
are often mischaracterized or missed entirely by histopathology. For rapid surgical guidance,
frozen section analysis (FSA) is possible but faces similar limitations to standard histology in that
it still takes time (30 minutes or more), requires the invasive removal of tissues, and is limited in
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spatial coverage [3]. Therefore, there is potential clinical value in a portable, non-invasive method
for real-time tissue histology, both for disease screening and for guiding resection procedures.

In recent decades, confocal microscopy has been investigated as a non-destructive optical-
sectioning method, providing high-resolution images of fresh tissue specimens at depths of
approximately 100–200 µm (depending upon the tissue type) without requiring physical sectioning
and mounting on slides [4–10]. While widefield microscopy is capable of generating high-
contrast images at the very surface of fresh tissues [11–14], optical sectioning can be helpful for
applications in which mucus, debris, or damage to the tissue can degrade image quality at the
superficial surface, and where sub-surface imaging at depths of up to∼150 µm can help to improve
image/tissue quality. Depth-resolved optical-sectioning microscopy can also provide valuable
insights into the invasion of certain cancers through critical layers, such as the dermal-epidermal
junction for skin cancers [15,16].

Conventional single-axis confocal (SAC) microscopes have been used ubiquitously for biologi-
cal and clinical investigations. These microscopes use a common beam path for high-numerical
aperture (NA) illumination and collection of light through tissues [4,6,17]. Alternatively, dual-
axis confocal (DAC) microscopy employs a pair of spatially separated low-NA beams oriented
towards the specimen, which has certain advantages for miniaturization [3,8,18–24] and improves
optical sectioning and image contrast when imaging within highly scattering biological tissues
[7,21,23,25]. In short, since the illumination and collection beams in a DAC microscope do not
share an optical axis and only intersect at a localized focal region, there is improved rejection of
out-of-focus and multiply scattered background light compared to standard SAC microscopes.

Conventional point-scanned SAC and DAC microscopy systems use a focused illumination
beam and a collection pinhole to reject background light, creating an image by raster scanning a
localized focal volume in two dimensions. Two-dimensional scanning mechanisms can complicate
miniaturization due to their complexity and can limit a device’s frame rate due to their reliance
on point-by-point image generation. These slow frame rates often cause motion artifacts during
the handheld or endoscopic use of an in vivo device [26]. Therefore, we have been developing
line-scanned dual-axis confocal (LS-DAC) microscopes in which a focal line is rapidly scanned
in only one dimension to create 2D images. By imaging the entire focal line onto a linear detector
array, which also serves as a digital confocal slit, video-rate confocal imaging is achievable with
a portable handheld device [10,17,22,24].

Based on several studies with our first-generation LS-DAC microscopes, we identified three
major areas of improvement. First, our previous optical design achieved high spatial resolution
(< 1-µm lateral resolution and< 2-µm axial resolution) at the trade-off of a limited field of
view (∼ 300 µm × 300 µm). In practice, pathologists rarely require submicron resolution for
disease-screening and surgical-guidance applications and would instead benefit from a larger
field of view to better-locate and visualize patterns of malignancy in spatially heterogeneous
tissues. Second, our initial prototype lacked a straightforward and dependable way of adjusting
the depth of imaging within the first 100–200 µm beneath the tissue surface. An adjustable
working distance would allow clinicians to dynamically find an optimal imaging plane, which
can be unpredictable due to varying levels of damage and mucosal debris at surgical margins as
well as variations in the surface topology and staining characteristics of fresh tissue surfaces.
Finally, our previous devices did not have a simple way to maintain sterility in a clinical setting.
In this study, we introduce a second-generation handheld LS-DAC microscope, optimized based
on prior preclinical and clinical feedback, to enable improved clinical usability and adoption.

2. Methods

2.1. Optical design

There are three major modules within the miniature LS-DAC microscope: the optical main body,
a custom relay objective, and a detector array (Fig. 1). The laser source is selected based on
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the fluorophore used in each experiment: a 488-nm fiber-coupled diode laser (Omicron LuxX
488 nm), or a 660-nm fiber-coupled diode laser (Thorlabs S1FC660). A single-mode optical
fiber (Thorlabs P5-405B-PCAPC-1) introduces laser radiation into the optical main body through
a custom fiber module (ø= 3.2 mm, assembled by Grintech GmbH, Germany). Within the
illumination fiber module (blue beam), there are two low-NA doublets (S1 and CL) that convert
the point source from the single-mode fiber to a focal line with a full width at half maximum
(FWHM) length of 1.2 mm and a focusing NA of approximately 0.09. S1 is a spherical lens
(f= 9 mm, ø= 3 mm, Edmunds Optics catalog No. 45090). CL is a cylindrical lens (f= 12 mm,
ø= 3 mm) fabricated by BMV Optical Technologies based on a spherical doublet design from
Edmund Optics (catalog No. 45262).
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Fig. 1. Optical circuit of miniature LS-DAC microscope. (a) The illumination beam path
(blue) and fluorescence collection beam path (green) are aligned to intersect and focus at
the back focal plane (BFP) of a custom relay objective, which images the dual-axis focused
beams (with 2.1x magnification) into a tissue sample placed in contact with the distal tip
of the objective. A custom line-focusing fiber module, containing S1 and CL, shapes the
illumination beam into a focal line at the BFP. S1, S2, and S3 are low-NA spherical doublets.
CL is a low-NA cylindrical doublet. M1 and M2 are alignment mirrors. Fluorescence signal
generated by the focal line within the sample is imaged back through the objective and
through S2 and S3 with a combined magnification of ∼10x and focused onto a detector array.
(b) Zoomed-in view of the LS-DAC scan head. The MEMS mirror, which is mounted in an
LCC18 wire-bonded package, is soldered onto a custom PCB. The MEMS mirror scans a
focal line in one direction to achieve high-framerate 2D imaging. (c) Zoomed-in view of the
BFP at the proximal end of the relay objective. (d) Zoomed-in view of the front focal plane
(FFP) at the objective distal end. The lens tip is designed to be covered by a plastic drape
with a thickness of ∼50 µm. The ideal axial scanning range of the BFP is 650 µm, which
causes the FFP to scan over a range of 150 µm (starting from the outer surface of the plastic
drape).
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The collection beam (green beam) consists of two low-NA spherical doublets (S2: f= 12 mm,
Edmunds Optics catalog No. 63692; S3: f= 60 mm, Edmunds Optics catalog No. 45345), both
of which were reduced in diameter to 3.2 mm by BMV Optical Technologies. Collectively, these
lenses image the focal line with 5x magnification from the back focal plane (BFP) of the 2.1x
relay objective onto the detector array. The relay objective was custom designed by Special
Optics Inc. (Rochester, NY) to maintain a small form factor, with a distal tip diameter of 9.7
mm and a total length of 49.2 mm. After the relay objective, the final effective NA in the tissue
(assuming a tissue refractive index of 1.34) is 0.19 for the Gaussian illumination beam (1/e2

intensity level) and 0.30 for the uniform collection beam. With a total magnification of ∼10x
(5 * 2.1), a commercial sCMOS camera (Hamamatsu ORCA Flash 4.0) with a pixel spacing of
6.5 µm is used to sample the focal line at near-Nyquist conditions. A digital slit is formed by
cropping the sensor to a thin rectangular region of interest (ROI) measuring 2048× 8 pixels and
then binning the four rows at the center of the ROI (i.e., a 26-µm slit width, which corresponds to
∼2.5 µm within the tissue sample).

A critical feature of our newly designed relay objective is its adjustable working distance.
This allows the BFP to be axially scanned, which corresponds to an axial scan of the front
focal plane (FFP) within the tissue sample. The present objective has been designed to achieve
diffraction-limited imaging throughout its entire focal range of 650 µm at the BFP, or 150 µm
at the FFP. Furthermore, the objective lens is designed to image through a layer of plastic (n
∼1.46–1.52) with a thickness of ∼50 µm. For clinical use, this will allow a sterile plastic drape
to be used to surround the distal tip of the relay objective lens, ensuring patient safety without
relying upon a harsh and time-consuming sterilization procedure. Finally, the newly designed
objective provides a large field of view of up to 600× 600 µm with low field curvature over a
larger range of wavelengths (400–750 nm).

The lateral scanning mechanism for our device, which sweeps the focal line in one direction to
scan a 2D en face (horizontal) image over time, is a commercial MEMS scanning mirror that
is wire-bonded within an LCC18 package (Mirrorcle Technologies Inc.). While this MEMS
scanner is capable of three degrees of freedom (tip, tilt, and pistoning), only 1D tilting is used
here to scan the focal line at 15 frames per second (fps) for en face tissue imaging. We use two
45-deg alignment mirrors (M1, M2, fabricated by Tower Optical Inc.), which can be rotated and
adjusted axially, for precise alignment of the illumination and collection foci at a half-crossing
angle of 11 degrees at the BFP of the device. A 525 nm bandpass filter (Semrock 525/50-25 nm)
or 721 nm bandpass filter (Semrock 721/65-25 nm) is mounted along the collection beam path to
reject back-scattered illumination light. Individual 2048× 8-pixel raw images of the focal line
are transferred into the RAM of the controller PC using a frame grabber, binned into a single
line (2048× 1 pixels), and stitched into 2D images (300 lines per image) at 15 fps. Note that
the raw images of the focal line can be binned with various numbers of lines (from 2048× 1
up to 2048× 8), which allows for a trade-off between sensitivity (signal-to-noise ratio) and
axial-sectioning performance. A custom Python-based user interface was developed to display
the images in real time and to enable the user to perform basic operations such as cropping,
auto-gain adjustment, brightness and contrast adjustments, and video recordings.

2.2. Imaging procedure

The device’s resolution was experimentally measured by imaging a 1951 USAF target in
reflectance mode (Fig. 3). The lateral response was measured from the sharp edge of a reflective
element on the USAF target, and the axial response was found by measuring the light reflected
off a large reflective element on the USAF target (i.e., a flat mirror) as the target was translated
axially.

The resolution uniformity (Fig. 4) was characterized by measuring 1-µm diameter fluorescent
beads embedded in a 3D agarose phantom. The beads were imaged over a shallow volume (∼100
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µm depth range). The image of each bead was quantified with a custom algorithm that performs
a 3D Gaussian fit to each bead and extracts the FWHM values in all three dimensions [27].

The drape used for resolution characterization in Fig. 3 was a sterile, medical-grade polyethylene
film (3 M Steri-Drape 1000). Due to practical constrains of imaging small ex vivo samples,
the specimens in Figs. 4–5 and Visualization 1 and Visualization 2 were imaged through a taut
consumer-grade polyethylene film or standard #0 coverslip, which produced comparable results
to the medical-grade drape used in Fig. 3. For measurements using a drape, a thin layer of
Cargille Refractive Index Liquid (nD = 1.440) was applied between the objective tip and the
drape to match the refractive index of the drape. In this preliminary prototype, working distance
adjustment for the axial response and volumetric datasets was achieved by moving the relay
objective using a linear actuator (Newport TRA12CC).

2.3. Tissue collection and preparation

The human prostate specimen shown in Fig. 5(a)-(b) was stained with TO-PRO-3, a nuclear dye,
and optically cleared with ethyl cinnamate [28]. This tissue was de-identified prior to transfer to
our lab, so this experiment did not require institutional review board approval at our institution.

The mouse skin shown in Fig. 5(d)-(f) was also stained with TO-PRO-3 and cleared with ethyl
cinnamate [28]. This mouse skin was from a freshly euthanized animal donated to us by the
veterinarians at our institutional animal facility, and therefore did not require institutional animal
care and use committee approval.

The fresh surgical specimens shown in Fig. 5(g)-(h) and Visualization 1 were collected from
patients undergoing head and neck cancer treatment at the University of Washington Medical
Center. The excised tissues were stained in 1% acridine orange, which preferentially labels cell
nuclei, for 1 min and rinsed in phosphate-buffered saline (PBS) to remove excess acridine orange
from the tissue surface. Approval was obtained from the University of Washington Institutional
Review Board [STUDY00014148] and all patients provided informed consent.

The fresh mouse tissues shown in Fig. 5(i)-(k) and Visualization 2 were again stained with
1% acridine orange for 1 min and rinsed with PBS. These mouse tissues were also from freshly
euthanized animals donated by our institutional animal facility and did not require institutional
animal care and use committee approval.

2.4. Image processing

To correct for intensity variations along the focal line and vignetting by optical components, a
calibration image from a uniform fluorescein phantom was used to normalize intensity levels for
the images in Fig. 5 and Visualization 1 and Visualization 2. Signal levels were subsequently
normalized across raw frames for the mosaic in Fig. 5(a). Finally, a standard sharpening filter
was applied. The mosaic was generated post-acquisition using MosaicJ [29], an open-source
image mosaicking plug-in for ImageJ [30].

3. Results

A ray-trace analysis was conducted in ZEMAX to characterize the system’s performance (Fig. 2).
The spot diagram from the illumination path shows a root mean square (RMS) spread of< 2
µm across the line. This spread is within the ideal (aberration-free) line width calculated by
diffraction theory (FWHM= 2.2 µm), indicating near-diffraction-limited performance (Fig. 2(b)).
Tilting the MEMS mirror by 5.5 degrees causes the line to shift by 300 µm in the Y direction.
Again, the spot diagram shows an RMS spread of< 2 µm across the line. For the collection
path, the optical performance was analyzed by establishing three ideal point sources at different
locations (field positions) along the focal line in tissue and performing ray-trace simulations from
these sources to the detector plane (Fig. 2(c)). Near-diffraction-limited performance is achieved
at the center of the field of view (e.g., X= 0 and 150 µm). However, the performance degrades

https://doi.org/10.6084/m9.figshare.24052593
https://doi.org/10.6084/m9.figshare.24052590
https://doi.org/10.6084/m9.figshare.24052593
https://doi.org/10.6084/m9.figshare.24052590
https://doi.org/10.6084/m9.figshare.24052593
https://doi.org/10.6084/m9.figshare.24052590


Research Article Vol. 14, No. 11 / 1 Nov 2023 / Biomedical Optics Express 6053

somewhat at the edge of the field of view (Fig. 2(d)). In the context of in vivo imaging, where
highly scattering biological tissues make diffraction-limited imaging challenging irrespective of
aberrations, this tradeoff of sacrificing some optical performance to achieve a large field of view
is deemed acceptable. The relay objective was designed to minimize field curvature across this
large field of view, with the objective introducing a change in focal position of 1.5 µm at the edge
of the field of view relative to the center (Fig. 2(e)).
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Fig. 2. Ray-trace simulations. (a) Illumination beam path is shown as two orthogonal views
(Y-Z plane and X-Z plane). (b) Illumination spot diagrams are shown for the line focus
in its centered position and at the edge of the objective’s field of view when scanned by
the MEMS mirror (300-µm offset). (c) Collection beam path is shown as two orthogonal
views. (d) Collection spot diagrams are shown for rays originating from three positions
(field positions) along the focal line at the sample (blue: X= 0 µm, red: X= 150 µm, and
green: X= 300 µm). The RMS spread and Strehl ratio are quantified for each case. (e) Field
curvature induced by the relay objective only for the same field positions shown in (d). Note
that the vertical spacing between fields in panel (e) is not to scale.

To experimentally measure the device’s resolution, we imaged a USAF resolution test chart
in reflectance mode. Figure 3(a) demonstrates the microscope’s ability to image features at
sub-cellular resolution (the line width in group 9 element 1 is 0.98 µm). The field of view has
also been increased to twice that of the previous device [10] with an aspect ratio of approximately
2:1, which is compatible with a 16:9 widescreen display used in many clinical procedure rooms.
Additionally, we measured the lateral response and axial response of the microscope with and
without a medical-grade sterile drape. The measured 20% to 80% transition width along the
X-axis (X20−80) was 0.97 µm without the drape and 1.17 µm with the drape (Fig. 3(b)). The
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measured FWHM at the center of the field of view was 2.6 µm without the drape and 3.1 µm
with the drape (Fig. 3(c)). As shown in the log-scale axial response, the background signal levels
with and without the drape are relatively similar.

a b

dc

X20-80 = 0.97 µm

FWHM  = 2.6 µm

X20-80 = 1.17 µm

FWHM  = 3.1 µm

No sterile drape
With sterile drape

100 µm
No sterile drape
With sterile drape

No sterile drape
With sterile drape

Fig. 3. (a) Image of reflective USAF test chart. (b) Lateral response to a chrome edge of an
element on the USAF test chart with and without the sterile drape. (c) Axial response to a
flat mirror plotted on a linear scale with and without the sterile drape. (d) Axial response to
a flat mirror plotted on a log scale with and without the sterile drape.

As shown in Fig. 4, we also evaluated the optical performance by measuring 1-µm diameter
(i.e., nearly diffraction-limited) fluorescent beads. The FWHM of the 1-µm beads in the lateral x
dimension was 1.7 µm at the center of the field of view and remained relatively uniform across
the entire field of view as shown in Fig. 4(b). The mean FWHM in the axial dimension (Fig. 4(c))
was 3.35 µm at the center of the field of view and slightly increased at the edge along the y-axis,
which corresponds to the MEMS scanning direction.

The device’s larger field of view and reduced field curvature (∼5 µm total deviation in
imaging depth across the field of view) relative to our previous prototype enables straightforward
mosaicking of overlapping images to generate extended fields of view spanning multiple
millimeters. As shown in Fig. 5(a)-(b), a mosaicked image with a lateral field of view of 3.7× 1.0
mm was obtained from a video sequence from ex vivo human prostate tissue acquired at 15 fps
and shows benign prostate glands.

The device’s adjustable working distance enables collection of a 3D dataset by scanning the
imaging plane axially. We acquired a 3D stack of en face images (over a depth range from 0 to
150 µm) of excised mouse skin. The resulting 3D volume shows the structural composition of
the mouse skin tissue, revealing distinct layers such as the epidermis and dermis in the vertical
image (x-z plane) shown in Fig. 5(f). The hair follicles in the mouse skin are clearly visible in
the en face image (x-y plane) shown in Fig. 5(e).

To demonstrate our device’s ability to acquire fluorescence images of fresh human tissue,
we imaged fresh human head and neck (H&N) surgical resection specimens. Figures 5(g)-(h)
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Fig. 4. (a) A cross-sectional image of the fluorescent microsphere phantom acquired using
the DAC microscope at an image depth of 100 µm, along with cross-sectional views of a
representative bead. The FWHM dimensions of the microspheres are used to assess the
spatial resolution of the system as a function of location across the field of view. (b-c) The
FWHM diameter of each 1-µm diameter fluorescent microsphere within the imaged volume
is computed across the field of view. Panel (b) shows the FWHM values along the x-axis
and panel (c) shows the FWHM values along the z-axis. To illustrate the uniformity of the
device’s spatial resolution across the field of view, box plots of the FWHM dimensions at
different x and y positions are plotted alongside the color map. Each plot shows the median
(centerline), 25th and 75th percentiles (box edges), and 0.1 and 99.9 percentiles (whiskers).
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(individual frame) is shown, accompanied by a reference archival hematoxylin and eosin
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show benign human gingiva imaged with the miniature LS-DAC microscope with corresponding
hematoxylin & eosin (H&E) histology images from approximately the same tissue region, and
Visualization 1 shows a continuous scan of benign human tongue.

Finally, we demonstrated the system’s adjustable working distance in fresh tissue by imaging
excised mouse intestine and kidney. En face images at sequential depths in the intestine tissue
reveal the characteristic three-dimensional structure of intestinal crypts (Fig. 5(i)-(k)), and the
combination of lateral scanning and depth adjustment in kidney tissue enables tracking vessel
paths through the specimen (Visualization 2).

4. Discussion

Previous point-scanned dual-axis confocal (PS-DAC) microscopes have exhibited a limited frame
rate of up to 4 fps, achieved using complex 2D scanning mechanisms. The development of a
miniature PS-DAC microscope for reliable clinical use, with reduced motion artifacts, has proven
challenging due to the requirement of a MEMS-based scanner capable of high-frequency 2D
scanning in the kHz range [23,31]. Although a PS-DAC architecture offers superior contrast
(signal-to-background ratio) compared to a line-scanned dual-axis confocal (LS-DAC) architecture
[7,8], this study demonstrates the excellent sensitivity and resolution achievable with a miniature
LS-DAC microscope for high-speed imaging of fluorescently labeled fresh tissues.

Building upon our previous miniature LS-DAC microscope design, our new iteration offers
an expanded field of view (double that of the previous design) while maintaining subcellular
resolution that is relatively uniform across the field of view. Note that there is vignetting at the
edges of the field of view due to both optical losses at the edge of the field of view and slight
field curvature (∼5 µm deviation in depth across the field of view) primarily due to the scanning
MEMS mirror. In other words, the curvature introduced by the objective lens, shown in Fig. 2(e),
is small relative to the MEMS-induced curvature. The flat-fielding method described above
significantly improves field uniformity. Additionally, the MEMS-induced curvature could in
principle be corrected by implementing MEMS-mirror pistoning as previously reported [22].
Currently, the shorter dimension of the field of view is limited by the scan range of the MEMS
mirror rather than the optical design, with the newly designed objective lens capable of providing
a field of view up to 600× 600 µm. The field of view could therefore further be expanded by
optimizing the MEMS scanner. As demonstrated here, the frame rate of our device (15 fps) is
adequate for real-time imaging with minimal motion artifacts and for generating large, mosaicked
fields of view. However, a higher-speed detector array could be used with the existing MEMS
scanning mechanism to achieve higher frame rates (if detection sensitivity is adequate).

Finally, our new design enables adjustment of the working distance of the microscope. This
feature is key for future in vivo tissue imaging, where surface irregularities, mucous debris, or
cautery and cutting damage can be present, and where a clinical user would benefit from the
ability to slightly adjust the imaging plane to optimize the image quality. While our previous
design allowed for some adjustment through the application of gentle pressure or by turning a
threaded lens cap [10,24], these methods were cumbersome and not always effective.

In future work, we aim to fully package the primary optical components (main body and
relay objective) with a compact detector array into a handheld device suitable for a range of
clinical uses, such as noninvasive screening for epithelial cancers (e.g., oral cancer) or surgical
guidance (e.g., glioma resections). This work introduces several optimizations that are important
for clinical testing and ultimately clinical adoption.
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